1. Introduction {#sec1}
===============

Hydrogels are widely applied in different biological and medical settings, including their use as matrices for three-dimensional (3D) cell culture, as drug delivery systems, and in regenerative medicine. Therefore, discovery of new hydrogel materials, as well as optimization of known materials to meet particular requirements, is of outstanding importance. Typically, hydrogels are synthesized and evaluated iteratively in a one-by-one manner. The drawback of this approach is the paucity of possible combinations that can be practically tested and the high cost in terms of time, consumables, and labor. Therefore, the process of discovery of novel hydrogels remains slow and the design principles, including structure-function relationships, are often not fully understood. Miniaturized high-throughput technologies, enabled by technologies such as droplet microfluidics \[[@bib1]\] and polymer microarrays \[[@bib2]\], are therefore important in facilitating and accelerating the discovery of novel hydrogels and screening of biological interactions of interest in parallel. Pioneered by Anderson et al. \[[@bib3]\] and Tourniaire et al. \[[@bib4]\] in the mid-2000s, polymer microarray technologies for biomaterial discovery have the advantage of an arrayed format. These techniques have been used successfully for the discovery of biomaterials for broad-ranging applications, ranging from materials for bone repair \[[@bib5]\] and heart valve engineering \[[@bib6]\], to materials for parasite removal \[[@bib7]\] and bacteria-repellent medical devices \[[@bib8]\]. High-throughput techniques have been widely used to study the effects of biomaterials on stem cells \[[@bib9], [@bib10], [@bib11]\]. Biomaterial microarrays have been extensively reviewed \[[@bib12]\]. Interestingly, reports of high-throughput synthesis of responsive materials are rare \[[@bib13]\]. Responsive hydrogels have particular advantage of being synthesized in a high-throughput manner. Structure-function relationships between multiple responses cannot be easily forecast and thus, require experimental investigation in a process that does not lend itself to the classical iterative synthesis. The discovery of novel properties is facilitated by screening of a much larger range of chemical structures than can easily be achieved in conventional one-by-one synthesis. Therefore, high-throughput synthesis of responsive materials offers the potential to narrow the gap between the demand and supply of responsive materials.

Millions of cells are usually necessary to screen for cell-material interactions \[[@bib3]\]. In the case of stem and primary cells, this can soon become expensive and therefore, restricts the number of possible combinations that can be tested. Solutions often have to be premixed before printing \[[@bib3],[@bib14],[@bib15]\]. Furthermore, cell-material assays are usually performed without compartmentalization of the individual materials. Although understanding interactions of cells with biointerfaces is of utter importance \[[@bib16],[@bib17]\], lack of compartmentalization can lead to cross-contamination issues in the case of cell-cell signaling studies, and is particularly important for the microenvironment of stem cells, thus demanding independent control of contact-mediated signaling. Introducing soluble factors after seeding cells can be conveniently achieved by compartmentalization. Compartmentalization also renders microarray add-ons \[[@bib18]\] obsolete.

A platform using compartmentalized hydrophobic/hydrophilic patterns was developed by Le et al. \[[@bib18]\], in which a pattern of varying wettability on gold-coated glass slides was used to study processes such as (human mesenchymal stem cells) hMSC encapsulation. However, the manual handling involved in this technique considerably limits the throughput. To the best of our knowledge, a platform that allows simple high-throughput fabrication of arrayed combinatorial library of multiple responsive hydrogels in separated nanoliter compartments has not yet been developed.

Recently, we established the droplet microarray (DMA) platform, a miniaturized platform based on arrays of nanoliter-sized droplets that can be used for high-throughput cell screening \[[@bib19]\] and hydrogel microarray production \[[@bib20]\]. The DMA platform comprises a standard microscopic glass slide photopatterned with hydrophilic regions/spots separated by superhydrophobic liquid-impermeable barriers. Following deposition of a unique prepolymerization mixture in each spot, these superhydrophobic barriers prevent cross-contamination, providing compartmentalization. Thus, the DMA platform can be used to perform multiple microbeads or cell encapsulation experiments in a parallel. Moreover, such assay miniaturization provides the ability to test a greater number of combinations of starting compounds, ensuring, if required, an almost spatially continuous gradient that can be used to study structure/function relationships. Specialized printing technique also allows precise deposition of compounds at the nanoliter level.

In this study, we demonstrated high-throughput combinatorial synthesis of cell-free hydrogels using DMA. A combinatorial library of smart hydrogels was synthesized on a DMA slide for direct investigation of the responsive properties of the hydrogels. Two combinatorial libraries of UV-responsive hydrogels (totaling 20 unique members á 16 replicates), all of which manifested a well-defined spatial gradient of components, were synthesized to highlight the convenience and future potential of DMA as a platform for responsive material synthesis.

2. Materials and methods {#sec2}
========================

Poly(ethylene glycol)methyl ether methacrylate (PEGMA) (Mn approximately 500 ​g/mol), poly(ethylene glycol) dimethacrylate (PEGDMA) (Mn approximately 750 ​g/mol), 2-(*N*-3-sulfopropyl-*N*,*N*-dimethyl ammonium)ethyl methacrylate (SAMA), 2-(dimethylamino)ethyl methacrylate (DMAEMA), 2-butanone and D-(+)-glucose were purchased from Sigma--Aldrich (St. Louis, MI, USA). Ethyl (2,4,6-trimethylbenzoyl)phenylphosphinate was purchased from FluoroChem (Hadfield, Derbyshire, UK). Glucose oxidase (from *Aspergillus niger*) was purchased from VWR (Darmstadt, Germany). Sodium iodide was purchased from Fluka (Munich, Germany). DMA glass slides were purchased from Aquarray GmbH (Eggenstein-Leopoldshafen, Germany) and used without further changes.

2.1. Synthesis of photoinitiator sodium phenyl-2,4,6-trimethylbenzoylphosphinate {#sec2.1}
--------------------------------------------------------------------------------

Ethyl (2,4,6-trimethylbenzoyl)phenylphosphinate (1 ​g, 0.003 ​mol) was dissolved in 10 ​ml 2-butanone. After the addition of sodium iodide (0.6 ​g, 0.004 ​mol), the reaction mixture was stirred overnight at 60°C. The precipitate was collected by filtration, washed with 2-butanone and dried. Sodium phenyl-2,4,6-trimethylbenzoylphosphinate (yield: 0.7 ​g, 79%) was yielded as a white solid. The identity of the product was confirmed by NMR:

^*1*^*H-NMR (*400 ​MHz*, D*~*2*~*O): δ/ppm* = *7.78--7.48 (H*~*aromatic*~*, phenyl), 6.92 (s, H*~*aromatic,*~ *benzoyl), 2.27 (s, para-CH*~*3*~*), 2.06 (s, ortho-CH*~*3*~*)* ([Fig. S1](#appsec1){ref-type="sec"}).

2.2. Printing procedures {#sec2.2}
------------------------

Monomers were deinhibited before use by passing over a short column of basic aluminum oxide (Alfa Aesar, Ward Hill, MA, USA). All printing experiments were performed using non-contact liquid dispensing technology (immediate drop on-demand technology (I-DOT) liquid dispenser; Dispendix, Stuttgart, Germany). The viscosity of aqueous monomer stock solutions was adjusted for reproducible printing by non-contact liquid dispensing technology. Printing of solutions was calibrated, allowing precise dosage of solutions in the nanoliter range. The humidity was maintained at 70% during printing.

2.3. Confirmation of adequate mixing of components in droplets {#sec2.3}
--------------------------------------------------------------

Even distribution of two monomers within droplet after printing was confirmed by fluorescence, Raman spectroscopy measurements and multiple particle tracking (MPT).

### 2.3.1. Fluorescence measurements {#sec2.3.1}

PEGMA solution was supplemented with rhodamine B and the solution of DMAEMA ​as an example monomer, and the second monomer was supplemented with fluorescein. The solutions of PEGMA, DMAEMA, sodium phenyl-2,4,6-trimethylbenzoylphosphinate (SAP), and PEGDMA (5 ​mol%) were then printed sequentially in quadruplicate. PEGMA was printed in descending volumes (60--10 ​nL; 12 dilutions), and DMAEMA was printed in ascending volumes (10--60 ​nL; 12 dilutions), and SAP and PEGDMA were printed in constant volumes (30 ​nL). The homogeneity of fluorescein and rhodamine distribution was assessed qualitatively by fluorescence microscopy (Keyence), and the mean intensity was determined via ImageJ (100 ​× ​100-pixel square sections in the middle of each droplet).

### 2.3.2. Raman spectroscopy measurements {#sec2.3.2}

Raman spectroscopy measurements were obtained from a composition comprising 30 ​nL SAP, 60 ​nL PEGMA, 10 ​nL DMAEMA, and 30 nLl PEGDMA (5 ​mol%) with a Bruker Senterra spectrometer (Bruker Optics, Germany). For focusing of the excitation laser and collimation of backscattered light an Olympus MPLAN 20 ​× ​objective (NA 0.4) was used, resulting in a spot diameter of 5 μm on the sample surface. The excitation laser (λ ​= ​532 ​nm) was operated at 10 ​mW output power. Each spectrum was integrated over 60 ​s with three coadditions (3 ​× ​20 ​s). The total number of measurement spots per hydrogel micropad was 144, arranged in a 12 ​× ​12 matrix ([Fig. S4](#appsec1){ref-type="sec"}).

### 2.3.3. Multiple particle tracking {#sec2.3.3}

To determine the microrheological properties of the hydrogel, an exemplary composition comprising 30 ​nL SAP, 60 ​nL PEGMA, 10 ​nL DMAEMA, and 30 ​nL PEGDMA (5 ​mol%) was polymerized. SAP solution contained glucose oxidase and glucose and was further supplemented with green fluorescent polystyrene microspheres of diameter 0.5 ​μm (Bangs Laboratories, USA) as tracers, from which the Brownian motion was tracked. Then the resulting particle trajectories were transformed into mean square displacement (MSD) traces and quantitative information about the rheological properties were obtained based on a relation between the MSD $\Delta r^{2}{(\text{τ})}$ as a function of lag time τ and the macroscopic complex shear modulus G∗(ω) as a function of the frequency ω \[[@bib21]\]. The Laplace transform of the particle MSD $\Delta{\widetilde{r}}^{2}{(\text{iω})}$ is related to the complex modulus G∗ of the sample via a generalized Stokes-Einstein equation ​\[[@bib22]\].$$G^{\ast}{(\text{ω})} = \frac{k_{B}T}{\text{π}ai\text{ωΔ}{\widetilde{r}}^{2}{(\text{iω})}} = \ G^{\prime}{(\text{ω})} + iG^{\prime\prime}{(\text{ω})}$$where a is the radius of the embedded beads, *k*~*B*~ is the Boltzmann constant and *T* is the temperature. In addition, to perform the statistical analysis and characterize the microstructure heterogeneity, we examined the distribution of displacements (Van Hove correlation function) and calculated \[[@bib23]\] the non-Gaussian parameter α:$$\text{α} = \frac{\left\langle x^{4}\left. (\text{τ}) \right\rangle \right.}{3\left\langle x^{2}\left. (\text{τ}) \right\rangle^{2} \right.} - 1$$

This parameter is zero for a Gaussian distribution, expected for a homogeneous, uniform sample, while deviations from this distribution result in large α values, reflecting the presence of heterogeneities.

The experimental set-up was based on an inverted fluorescence microscope (Axio Observer D1, Carl Zeiss, Germany) equipped with a Fluar 100 ​× ​objective (numerical aperture 1.3 ×, 100 ​× ​magnification, oil immersion lens). Two-dimensional (2D) images (field of view 127 ​× ​127 ​μm, frame rate 50 f/s) of these fluorescent beads were recorded using a sCMOS camera Zyla X (Andor Technology). The videos of the fluctuating microspheres were analyzed using the software Image Processing System (iPS, Visiometrics, Germany) and a self-written Matlab code \[[@bib24]\], based on the widely used Crocker and Grier tracking algorithm \[[@bib25]\].

2.4. Confinement studies {#sec2.4}
------------------------

Owing to compartmentalization, different volumes of precursors can be deposited onto hydrophilic pattern of the DMA. To highlight this fact, 240 resp. 120 ​nl of prepolymerization mixture were printed onto the 1 ​× ​1 ​mm patterned DMA, subsequently polymerized and incubatied in rhodamine B solution for better visualization. In addition, 40 ​nL of prepolymerization mixture was deposited onto the 500 ​× ​500 ​μm patterned DMA, subsequently polymerized and incubatied in rhodamine B solution for better visualization.

To show the possibility of cell encapsulation within the hydrogels, a suspension of HeLa cells (10 ​nL, 5∙106 ​cells/ml) was printed directly after the hydrogel precursors. After the polymerization (360 ​nm, 6 mW/cm2, 10 ​min) cells were stained with 1 ​μg ml−1 Hoechst 33342 by immersing the DMA slide in the *Hoechst* stain solution for 20 ​min.

2.5. Construction of libraries {#sec2.5}
------------------------------

For optimization of the degassing procedure, a 36-member DMAEMA/PEGMA library (ratios varying from 6:1 to 1:6) with 2.5, 5.0, and 10.0 ​mol% PEGDMA was synthesized in quadruplicates. We varied the GOx concentration from 1 ​μM to 40 ​μM. After the polymerization and incubation in rhodamine B solution, the hydrogel widths were measured manually. After optimization, a typical printing procedure was performed using SAP solutions supplemented with glucose oxidase (40 ​μM) and glucose (0.1 ​M) and glucose oxidase solution being freshly prepared for every experiment, SAP/glucose oxidase/glucose solution being freshly prepared immediately before printing. All solutions were prepared with PBS and reactions were typically performed at room temperature.

In a typical printing procedure, hydrogel libraries were printed as follows: printing of 30 ​nL SAP (2.6 ​mg/ml in PBS) supplemented with glucose oxidase and glucose; overprinting with PEGMA (40 ​wt% in PBS) with the volume descending from 60 to 10 ​nL per spot; overprinting with 30 ​nL PEGDMA (e.g. 77,3 ​mg/ml in PBS for 5 ​mol% w.r.t. monomers), overprinting with SAMA (230 ​mg/ml in PBS) with the volume ascending from 10 to 60 ​nL per spot. To prevent evaporation, humidifying rows consisting of only 130 ​nL PBS per spot were printed so that each spot containing prepolymerization mixture was surrounded either by another prepolymerization mixture spot or by PBS spot. The DMA produced in this way was irradiated for 10 ​min at 6 ​mW/cm^2^ in a closed petri-dish containing cellulose pads soaked in water to provide a humid environment and washed with PBS. Some starting material combinations could not be polymerized due to both low cross-linker and PEGMA concentration and were not considered further. All degradation studies were carried out using 270 ​nm UV light source (UVACUBE 2000, Dr. Hönle AG, Gräfelfing, Germany) with irradiance of 22 ​mW/cm^2^.

3. Results and discussion {#sec3}
=========================

3.1. General array production {#sec3.1}
-----------------------------

In this study, we aimed to develop a platform in which hundreds of highly adjustable combinations of polymerization starting materials and additives can be simultaneously synthesized and assayed. To implement the combinatorial approach and support a high-throughput aspect, we used a liquid-dispensing device based on non-contact liquid-dispensing technology to dispense droplets containing components of a hydrogel library \[[@bib26]\]. The I-DOT printer is a non-contact printer that uses compressed air pulses to dispense precise dosage of solutions in the nanoliter range. The non-contact liquid-dispensing technology printer was equipped with a humidifier, thus allowing printing of aqueous solutions without adding humectants or oil films. Droplets can be dispensed directly onto the hydrophilic spots of the DMA without cross-contamination because superhydrophobic borders provide confined surroundings to hydrophilic regions. These wall-less microreactors allow synthesis of a unique material in each spot. The non-contact liquid-dispensing technology printer facilitates the creation of a typical library of 144 unique prepolymerization mixtures within several minutes. This process requires less than 20 ​μL of reagent solution in total and is executed in more than 800 pipetting steps. To construct a similar library in a conventional one-by-one manner on 1 ​ml scale would be much more time-consuming and require approximately 7000 times more solution (144 ​ml). An example of the material microarray first printed as a prepolymerization mixture and then subsequently photopolymerized and dried is shown in [Fig. 1](#fig1){ref-type="fig"}. All probed hydrogel micropads stayed firmly attached to the DMA surface after being immersed into aqueous media for at least one week.Fig. 1Schematic comparison of high-throughput screening of 588 hydrogels in vials and on DMA. Confined hydrophilic regions on a DMA slide act as wall-less reaction microvessels, enabling the single DMA slide to substitute 588 vials. Scale bar 1 ​mm. DMA, droplet microarray.Fig. 1

Recently, we have shown that commonly used methacrylate-based hydrogels are inherently degradable by 270 ​nm UV light \[[@bib27]\]. Most of the high-throughput smart material libraries reported to date are based on temperature and water responses \[[@bib13]\]; therefore, we aimed to complement these studies with a study of methacrylate-based photoresponsive hydrogels ([Fig. 2](#fig2){ref-type="fig"}). We selected photopolymerization because it is a fast, non-contact, controllable (in terms of wavelength, exposure time, and intensity), proceeds under physiological conditions and under high spatiotemporal control \[[@bib28]\]. We used SAP as a photoinitiator; therefore, photopolymerization occurred at 360 ​nm and photodegradation occurred at 270 ​nm.Fig. 2Schematic description and reaction scheme of high-throughput on-chip photoinduced synthesis of combinatorial library of photodegradable hydrogels and assessment of degradation properties. Based on this reaction, we have synthesized three libraries: 3-membered PEGMA/PEGDMA library, 33-membered PEGMA/DMAEMA/PEGDMA library, and 17-membered PEGMA/SAMA/PEGDMA library; PEGMA/DMAEMA/PEGDMA library was used to optimize the photopolymerization protocol; PEGMA/PEGDMA and PEGMA/SAMA/PEGDMA libraries were assessed with regard to their photodegradation properties. PEGMA, poly(ethylene glycol)methyl ether methacrylate; PEGDMA, poly(ethylene glycol) dimethacrylate; SAMA, 2-(*N*-3-sulfopropyl-*N*,*N*-dimethyl ammonium)ethyl methacrylate; DMAEMA, 2-(dimethylamino)ethyl methacrylate.Fig. 2

3.2. Polymerization on a nanoliter scale {#sec3.2}
----------------------------------------

Despite many benefits, the open infrastructure of DMA involves the contact of droplets containing prepolymerization mixture with oxygen, which can dramatically decrease the efficiency of radical polymerization. Conventional methods of oxygen removal, such as degassing via nitrogen purging, working under an inert atmosphere or freeze-pump-thaw cycles, require additional infrastructure or are not readily applicable to reactions carried out in submicroliter volumes \[[@bib29]\]. Therefore, to perform miniaturized HT radical polymerization under ambient conditions and overcome its inherent intolerance to oxygen, we supplemented the initiator solution with glucose oxidase (GOx) and glucose (Glu), which function in combination as an oxygen scavenger system \[[@bib29], [@bib30], [@bib31]\]. We used a PEGMA/DMAEMA library as a sample library for optimization of the degassing procedure. Without the GOx/Glu degassing system, the average hydrogel micropad size decreased as the concentration of DMAEMA increases ([Fig. S2](#appsec1){ref-type="sec"}). For these compositions, the conversion was low due to presence of oxygen, resulting in insufficient (partial) cross-linking of polymers, which were consequently unable to adhere to the underlying substrate and were removed during washing step. For the GOx/Glu degassed polymerization, 40 ​μM GOx was sufficient to reproducibly synthesize hydrogel microarrays with an average hydrogel micropad size of 123 ​± ​14 ​μm in all prepolymerization mixtures tested. The high surface-to-volume ratio of submicroliter droplets combined with the shorter pathways for oxygen diffusion, as well as the suboptimal reaction temperature for GOx justifies the increased (200 ​× ​) GOx concentration required for complete conversion of monomers within the hundred nanoliter-sized droplets compared to reactions conducted in the submilliliter range \[[@bib32]\].

3.3. Confinement {#sec3.3}
----------------

For inkjet printing on flat surfaces with homogeneous wettability, the size of hydrogels is controlled by changing the number of droplets printed per spot. In contrast, the size and shape of the hydrogel features printed on DMA can be controlled by changing the freely selectable pattern of the photomask used for production of slides ([Fig. 3](#fig3){ref-type="fig"} A). Prepolymerization mixtures deposited onto different patterns of choice can be therefore polymerized into arbitrary shapes and with freely selectable density of the hydrogel micropad owing to precise setting of the pitch between spots. Superhydrophobic borders prevent liquid-spreading and therefore, allow deposition of volumes up to 1000 ​nL in a 1 ​× ​1 ​mm spot. Deposition of different volumes provides control over the hydrogel height and width, which would not be possible on a non-patterned surface ([Fig. 3](#fig3){ref-type="fig"} A).Fig. 3Confinement on DMA. (A) Brightfield and fluorescent images of hydrogels, which were polymerized in nanoliter-sized compartments using (i) and (ii) 1000 ​μm squared pattern, 240 ​nl, respectively. 120 ​nl prepolymerization mixture (iii) 500 ​μm squared pattern, 40 ​nl prepolymerization mixture. (B) Exemplary hydrogel showing surface instabilities upon extensive swelling. (C) HeLa-cells encapsulated within the hydrogel pad and stained with *Höchst*. Scale bars are 1 ​mm. DMA, droplet microarray.Fig. 3

Furthermore, in the absence of an oxygen scavenger system during the polymerization, we observed surface instabilities because of the oxygen gradient and hence, different degrees of crosslinking from the surface of the hydrogel to its core ([Fig. 3](#fig3){ref-type="fig"} B). Because the hydrogel micropads are laterally confined on rigid hydrophilic spots, hydrogels may become unstable upon swelling in water and develop various surface patterns. Therefore, combinatorial synthesis of hydrogels using DMA can be used for high-throughput assessment of thin film buckling properties depending on the starting composition.

Owing to the compartmentalization, various objects can be encapsulated within the hydrogels, for example, magnetic beads, tracer particles (e.g. for microrheological measurements), and cells. We therefore demonstrated the possibility of encapsulation of cells within hydrogels ([Fig. 3](#fig3){ref-type="fig"}C) by overprinting the prepolymerization solution with a cell suspension. Confinement shows the possibility to study cell encapsulation parameters (rapid optimization of hydrogel composition to promote a certain biological outcome), to develop 3D cell culture matrices, as well as to study cell-material interactions without cross-talk between cells encapsulated in neighboring hydrogels prevented by superhydrophobic borders.

3.4. Mixing within droplets {#sec3.4}
---------------------------

During the printing process, the droplet of one solution impacts on the droplet of another solution to induce a vortex, which enables fluid mixing. To ensure the reaction occurs throughout the whole reaction volume, the mixing behavior of the reagents in consecutively printed droplets was evaluated. The printed solutions were colored one-by-one with fluorescein/rhodamine B and printed on top of each other in different proportions, one colored solution at a time, as described in the literature \[[@bib33]\]. The overprinting of colorless droplet with a colored one (and vice versa) induced significant turbulence in the spots, resulting in even distribution of the fluorescent dye ([Fig. S3](#appsec1){ref-type="sec"}) in the typical range of droplet volumes (60 ​nL--10 ​nL). The mixing time was estimated to be several seconds.

We also performed Raman spectroscopy measurements on one selected hydrogel composition to confirm the homogeneous distribution of chemicals within droplets. As shown in [Fig. 4](#fig4){ref-type="fig"} B and [S4](#appsec1){ref-type="sec"}, the distribution of C-H (3015--2790 ​cm^−1^), CH~3~ and CH~2~ (1500--1400 ​cm^−\ 1^), as well as carbonyl vibrations (1730--1700 ​cm^−1^) was radially even. The higher intensity of vibrations toward the top of the hydrogel micropad correlated with its height and the overall bulged form, and thus with the abundance of corresponding functional groups. The consistency of bulge formation was confirmed by white light scattering measurements ([Fig. S4](#appsec1){ref-type="sec"}).

Finally, we characterized rheological and heterogeneity properties of the hydrogel micropad performing MPT ​microrheology. To incorporate polystyrene tracer particles into the hydrogel before polymerization, we printed the SAP/glucose oxidase/glucose solution containing particles instead of SAP solution. After polymerization, the MSD ​of the tracer was measured. [Fig. 4](#fig4){ref-type="fig"}C shows the variation of MSDs as a function of lag time (τ) for polystyrene tracer particles dispersed in hydrogel in three different regions (i: central, ii: left, iii: bottom). In all cases, all MSDs exhibited almost no time dependence with slope close to zero and an average MSD (red curve) value approximately 2.10^−4^ ​μm^2^. This result indicates that particles are highly constrained by the surrounding fluid, which is consistent with elastic trapping of particles in a gel-like network. In addition, statistical analyses of the MSD distribution clearly reveals a homogeneous structure on the micrometer length scale with a small value of the non-Gaussian parameter α ​= ​0.55, 0.56, and 0.41 determined at $\text{τ} = \ $0.1 ​s for central, left, and bottom region of the hydrogel micropad, respectively \[[@bib23]\]. These results are also reflected in the variation of elastic and viscous moduli, G′ and G\'´, respectively, calculated from the average MSD. As shown in [Fig. 4](#fig4){ref-type="fig"}C, independent of the region, a significant degree of elasticity was observed with G′(ω) ​\> ​G′′(ω) and constant elastic modulus G′ ​= ​14 ​± ​4 ​Pa in a broad frequency range. From this value, we can directly determine the mesh size $\xi$ of the network in accordance with the classical theory of rubber elasticity with $G´ = \frac{k_{B}T}{\xi^{3}}$ and we found ξ ​= ​67 ​± ​6 ​nm. Overall, fluorescence, Raman and MPT microrheological analyses confirmed even distribution of printed solutions in nanoliter-sized droplets analogous to the synthesis on a macroscale.Fig. 4Proving proper mixing within the droplet on DMA. (A) Raman spectrum of one point of the hydrogel reveals the carbonyl and C---H vibrations. (B) Raman mapping of C-H vibration on a representative hydrogel; (C) Mean square displacement values of tracer particles, and elastic and viscous moduli for three regions of the hydrogel (i) central region, 55 tracer particles; (ii) left region, 43 tracer particles, and (iii) bottom region, 62 tracer particles. DMA, droplet microarray.Fig. 4

3.5. Combinatorial screening of hydrogels {#sec3.5}
-----------------------------------------

To confirm the applicability of the DMA platform for synthesis and assessment of the properties of responsive hydrogels, we synthesized a proof-of-concept library with one photodegradable (methacrylate-based) and one non-degradable (acrylate-based) hydrogel. Both hydrogels were printed on the DMA in a checkerboard pattern, which could not be recognized before irradiation; all hydrogels had identical appearance ([Fig. 5](#fig5){ref-type="fig"} Ai). Given an inherent photodegradability of polymethacrylates and the UV transparency of water, the remarkable minute-scale degradability of polymethacrylate-based hydrogels originates from the high swellability of the hydrogel network. Therefore, during UV irradiation, macroradicals are separated in space, and recross-linking is suppressed. In the case of polyPEG-acrylates, recross-linking reactions occur much faster than that of polyPEG-methacrylates, rendering acrylate-based hydrogels non-degradable under UV light, and allowing visualization of the hidden checkerboard pattern under UV irradiation ([Fig. 5](#fig5){ref-type="fig"} Aii). This proof-of-concept library, comprising one degradable and one non-degradable material, arranged in a preprogrammed pattern, represents a special case of temporal and spatial control over the degradation. Furthermore, high-throughput combinatorial synthesis can be used to rapidly customize the hydrogel degradation properties for each specific application.Fig. 5A) (i) Exemplary library of polyPEG acrylate and polyPEG methacrylate hydrogels arranged in a checkerboard-pattern on a microarray, colored with Rhodamine 6G; (ii) after illumination with UV light (270 ​nm, 22 ​mW/cm^2^, 10 ​min) only non-degradable polyacrylates are left. Scale bars are 1 ​mm. (B) Different degradation ability of PEGMA-based hydrogels with varying amount of cross-linker. Degradation can be followed either by software (top) or by eye (bottom); (i) before UV; (ii) 2 ​min UV (270 ​nm, 22 ​mW/cm^2^); (iii) 4 ​min UV (270 ​nm, 22 ​mW/cm^2^). (C) Photodegradation screening results of a two-dimensional combinatorial library, constructed by varying the amount of cross-linker PEGDMA and PEGMA/SAMA molar ratio. The degradation ability is inversely proportional to the amount of PEGDMA and PEGMA. PEGMA, poly(ethylene glycol)methyl ether methacrylate; PEGDMA, poly(ethylene glycol) dimethacrylate; SAMA, 2-(*N*-3-sulfopropyl-*N*,*N*-dimethyl ammonium)ethyl methacrylate.Fig. 5

Because the proof-of-concept library showed the possibility to distinguish between degradable and non-degradable hydrogels (yes/no), we next assessed hydrogels with different degradation times (therefore different degradability) on the DMA slide. As already mentioned, the swellability of the hydrogel network is the prerequisite for hydrogel photodegradation. Swellability correlates negatively with the amount of cross-linker, rendering hydrogels with higher cross-linker content (with respect to the monomer) less swellable, and therefore less degradable, compared to a hydrogel with a lower cross-linker content. To determine whether this behavior could be reproduced on the DMA, we synthesized a library of three PEGMA-based hydrogels with different cross-linker concentrations (2.5, 5.0, and 10.0 ​mol% w.r.t. PEGMA) ([Fig. 5](#fig5){ref-type="fig"} B). To verify the reproducibility of the degradation, we synthesized each composition in 16 replicates, resulting in 48 ​nL-sized hydrogels that required only 6 ​μL of solution in total. After the synthesis, the hydrogel microarray was immersed in rhodamine 6G solution to color the hydrogels and was subsequently subjected to UV irradiation (270 ​nm, 1--3 ​min). The course of the degradation (i.e. the presence or disappearance of hydrogel micropads) was followed either by eye (pink rhodamine) or under a microscope in the fluorescent channel. If detection was made via fluorescence, hydrogel circles were detected automatically using specialized software. As expected and shown in [Fig. 5](#fig5){ref-type="fig"} B, hydrogels with 2.5 ​mol% cross-linker were completely degraded within 2 ​min of UV irradiation, whereas doubling the cross-linker content slowed degradation of the hydrogels to 4 ​min. Hydrogels with the highest cross-linker content did not degrade even after 10 ​min UV irradiation. It is noteworthy that all 16 replicates of one composition degraded simultaneously, emphasizing the reproducibility of the synthesis.

Finally, we examined the effect of supplementation of the prepolymerization mixtures from the previous library with different amounts of zwitterionic SAMA ​on degradation of the resulting hydrogels. To do so, we varied the volume ratios of equimolar monomer solutions PEGMA:SAMA from 6:1 to 1:6 with PEGDMA concentrations 2.5, 5.0, and 10.0 ​mol% w.r.t. the combined amount of monomers, maintaining a constant ratio Σn(monomers)/n(cross-linker) for all compositions. Therefore, we extended the combinatorial library to another dimension, yielding 17 unique combinations with a total of 16 replicates each, resulting in 272 ​nL-sized hydrogels that required only 34 ​μL of solution in total. SAMA is a charged monomer that is known to increase the swelling ratio of hydrogels; therefore, we investigated the ability of increased SAMA:PEGMA ratios to increase the rapidity of hydrogel degradation on the DMA \[[@bib22]\]. Two trends were observed following exposure of the DMA slide with SAMA library to UV light. Generally, as we have already shown, the rate of hydrogel degradation correlates negatively with the degree of cross-linking. In addition, clear trends were observed within the group of hydrogels with the same cross-linker content. As expected, progressively substituting PEGMA with SAMA rendered the hydrogels more degradable ([Fig. 5](#fig5){ref-type="fig"}C). Four compositions (PEGMA:SAMA ​= ​6:1 and 4:3 with cross-linker concentrations 2.5 and 10.0 ​mol% each) were upscaled from 130 ​nL to 180 ​μL to verify the reproducibility of the synthesis. It is noteworthy that the synthesis of four hydrogel compositions in triplicate at a submilliliter scale required 2.16 ​ml prepolymerization solutions, which is sufficient to synthesize more than 17,000 hydrogels on a DMA. After illumination of upscaled hydrogels with UV for 1.5 ​min, the mass loss was measured. For 2.5 ​mol% cross-linker, the rate of (PEGMA:SAMA 6:1)-hydrogel degradation was slower than that of the (PEGMA:SAMA 4:3)-hydrogel (58% vs. 88%). Both upscaled hydrogels with 10.0 ​mol% cross-linker showed almost no degradation after 1.5 ​min UV (1% vs. 6% for 6:1 and 4:3 PEGMA:SAMA proportions, respectively). This also reflects the hydrogel behavior on the DMA, with hydrogels with 10.0 ​mol% cross-linker still visible after 1.5 ​min UV exposure. Therefore, high SAMA content and low cross-linker content were shown to correlate with high degradability on both the microscales and nanoscales.

4. Conclusions {#sec4}
==============

The DMA platform meets the requirements for a cell-compatible polymer microarray \[[@bib3]\] and can be used as a benchtop-ready platform for high-throughput combinatorial hydrogel synthesis and, if desired, subsequent cell encapsulation by providing multiple compartmentalized sites in hydrophilic spots in a hydrophilic-superhydrophobic pattern. To prove the general suitability of the platform to synthesize and evaluate hydrogels, we focused on studying the structure-function relationships of cell-free photoresponsive hydrogels. An array of confined nanoliter-sized droplets containing prepolymerization mixture was created within minutes by non-contact liquid dispensing and was subsequently photopolymerized. Using this approach, 20 unique hydrogel micropads á 16 replicates were produced. A spatial gradient of both PEGMA and SAMA monomers as well as cross-linker PEGDMA was produced by dispensing different volumes of these compounds along the x ​and y axes of an array. The photodegradation properties of the underlying materials were examined in a high-throughput manner, embracing the spectrum from non-degradable to rapidly degradable hydrogels and emphasizing the suitability of DMA to quickly assess structure/function relationships. These relationships allow for synthesis of hydrogels with defined degradation behavior, which can be used as, for example, dynamic sealants, and for controlled inanimate cargo release \[[@bib27]\]. To use photodegradable materials for cell release, a cytocompatible strategy, possibly with less energetic wavelengths, should be established.

Spatially resolved libraries have an advantage of simple decoding and allow synthesis of numerous different polymers without the need of their separation \[[@bib34]\]. High-throughput synthesis and screening can give quick insights into the structure/function relationships, enabling a customized variation of degradation kinetics by the choice of particular hydrogel precursors. Importantly, the temporal and spatial control over the degradation allows facile one-step on-demand formation of arbitrary hydrogel patterns by UV irradiation.

Because the number of printable additives is immense, one can cover a large combinatorial space through combinatorial high-throughput screening over a multitude of hydrogel prepolymerization mixtures (including, for example, peptides that promote cell adhesion, fibronectin, laminin, hyaluronic acid, dextran, chitosan to identify biomaterials). This approach will facilitate fine-tuning of the biochemical and/or biophysical properties of hydrogels and therefore, identification of optimal candidates for a certain application such as recapitulation of the complexity of extracellular matrix to optimize materials for cell encapsulation. We also advocate the use of high-throughput experimentation in the field of responsive hydrogels to generate new and more sophisticated responsive materials with novel properties, which may remain undiscovered using the one-by-one synthesis approach.
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